ABSTRACT We investigated liver protease activity in force-fed and non-force-fed ducks using zymography gels to better understand mechanisms underlying liver steatosis in palmipeds. Male Muscovy and Pekin ducks were slaughtered before and after a short period (13 d) while they were conventionally fed or force fed. The force-fed regimen contained a high level of carbohydrates and was delivered in large doses. Main hepatic proteases (matrix metalloprotease-2, calpains, and cathepsins) were extracted from raw liver and specifically activated within electrophoretic gels. Both force-fed Muscovy and Pekin ducks presented higher liver weights and BW associated with lower matrix metalloprotease-2 and m-calpain hepatic activities. On the other hand, hepatic cathepsin activity was not affected by force feeding. It was concluded that Muscovy and Pekin duck hepatic proteases are affected similarly by the force feeding. Thus, this cannot explain differences observed between Muscovy and Pekin ducks regarding their ability to develop hepatic steatosis generally reported in literature.
INTRODUCTION
In humans, liver steatosis can be caused by malnutrition, genetics, drugs, or alcohol abuse (Lieber et al., 1989; Bosma et al., 1994; Hooper et al., 2011) . Thereafter, steatotic livers may progress from simple fatty livers to steatohepatic, fibrotic, or cirrhotic livers, which might lead to liver failure and hepatocellular carcinoma (Baffy et al., 2012) . However, in birds we must distinguish between the fatty liver pathological steatosis (fatty liver and kidney syndrome and fatty liver hemorrhagic syndrome; see Whitehead, 1979 for a review) and the one that naturally occurs in some migratory species of palmipeds such as the gray goose (Anser anser) or the duck (Guy et al., 2013) . Since ancient Egyptian times, these birds' ability to store large quantities of lipids in their liver and adipose tissues has been exploited by humans to produce fattened poultry. Today, livers of such palmipeds, once force-fed, are called foie gras and are mainly produced in France (19,450 t in 2012, 75% of the world production).
The reversibility of the hepatic steatosis in force-fed palmipeds has been demonstrated to prove the nonpathological origin of this particular physiological state. Nevertheless, the susceptibility to force-feeding leads to various degrees of steatosis developments and varies not only among species (ducks vs. geese for example) but also among different respective breeds (Chartrin et al., 2006; Liu et al., 2006) . Although a few breeds tend to store excessive fat, mainly in their adipose tissue and their liver (i.e., Pekin ducks or Anas platyrhynchos), others concentrate it principally in their hepatocytes (i.e., Muscovy or mule ducks). Many studies have already compared growth performances of those breeds and reported that hepatic steatosis development can be explained by a greater or lesser ability of the liver, when exposed to highly energetic diets, to export neosynthesized lipids (Hermier et al., 1991 (Hermier et al., , 2003 .
Beside their well-known ability to hydrolyze proteins, proteases may be involved in more complex physiological reactions and highly regulated cascades. Modifica-tions of proteolytic activities can also be a part of various signaling pathways. For example, they are known to play a central role in the execution of apoptosis. Although caspases are considered to be the most important apoptotic proteases, other proteases such as calpains, cathepsins, and matrix metalloproteases (MMP) are also involved in programmed cell death (Guicciardi et al., 2000; Levine and Kroemer, 2008) .
In the present study, we used zymography techniques to reveal modifications in activities of 3 proteolytic enzymes after the development of hepatic steatosis induced by force feeding in 2 genetic types of ducks (Muscovy and Pekin) known to be more or less prone to develop hepatic steatosis. We hypothesized that different modulations of proteolytic activities after force feeding could explain differences in hepatic enlargement imposed by force feeding.
MATERIALS AND METHODS

Birds
Male Muscovy (n = 19) and Pekin ducks (n = 18), hatched on the same day, were reared in similar conditions until the age of 12 wk. All the breeding was performed in a conventional poultry house, following standard practices and under natural conditions of light and temperature, at the INRA (Station Expérimentale des Palmipèdes à Foie Gras) poultry research station in Artiguères (France). At the age of 12 wk, Pekin and Muscovy ducks were divided into 2 groups each. Ten Muscovy and 8 Pekin ducks were force fed (FF) for 13 d, in individual cages, with a soaked-corn mixture (25% corn grain, 35% corn flour, and 40% water, 3,330 kcal/ kg, 8.28% CP, and 3.38% lipids according to Chartrin et al., 2006) twice daily. During the force-feeding period, the daily delivered quantity of feed progressively increased from 200 g to 1 kg. Remaining birds were continuously fed ad libitum with a standard growing diet (2,900 kcal/kg, 15.2% CP, and 2.7% lipids) until the same slaughtering age (98 d) and were used as controls (non-force-fed or NFF group). Water was provided ad libitum for all birds.
At the age of 98 d the ducks were slaughtered by severing the jugular veins approximately 10 h after their last meal in a conventional poultry house. Twenty minutes after the bleeding started, livers were removed from plucked carcasses and weighed. Liver samples were then harvested, immediately frozen in liquid nitrogen, and stored at −80°C until analysis. Body weights (just before the bleeding) and liver weights (just after the evisceration) were recorded for all birds. The experiments described here fully comply with legislation on research involving animal subjects according to the European Communities Council Directive of November 24, 1986 (86/609/EC). Investigators were certificated by the French governmental authority for carrying out these experiments (accreditation no. 31-11 43 501).
Monodimensional Zymography
To obtain a good sampling and a correct statistical analysis, a duplicate was analyzed for each sample.
Protein Extraction. Acylamide, BisAcrylamide, and Coomassie Brilliant Blue were purchased from Bio-Rad (Marnes la Coquette, France). All other chemicals were from Sigma-Aldrich (Saint-Quentin Fallavier, France). Livers were first crushed into powder in liquid nitrogen. Liver lysis was then achieved using Fastprep-24 (MP BioMedicals, Illkirch, France) for 20 s. Following Kizaki et al. (2008) , 1.5 mL of gelatin-degrading proteases extraction buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM CaCl 2 , 0.05% Brij 35, 10 μg/mL leupeptin, 1 mM phenylmethanesulfonylfluoride), and 1.2 mL of casein-degrading proteases extraction buffer (50 mM Tris base pH 8.3, 20 mM EDTA, 10 mM ethylene glycol tetraacetic acid, 0.1% β-mercaptoethanol) were added to 75 and 300 mg of liver tissue respectively to extract gelatin-and casein-degrading proteases respectively. Samples were then centrifuged at 12,000 × g at 4°C for 15 min and the fat cake (extracted lipids) was removed. This operation was repeated to make sure of getting a good separation of soluble proteins from lipids and other cell components. Finally, supernatants were collected and aliquoted in small tubes stored at −20°C. Total protein concentration in protein extracts (supernatants) was determined using Bradford's method with BSA as protein standards (Bradford, 1976) .
MMP-2 Gelatin Zymography. Matrix metalloprotease 2 gelatinolytic activity was detected according to Kizaki et al. (2008) . Briefly, samples containing 40 μg of proteins were mixed (1/4 vol/vol) with the sample buffer (150 mM Tris base pH 6.8, 30% glycerol, 4% SDS, 40 μM ZnCl 2 , and 0.1% bromophenol blue) and loaded onto 12% polyacrylamide gels containing 0.2% gelatin A (1 mm spacers; 5 mL/mini-gel from Bio-Rad, Marnes la Coquette, France). Gels were then run under denaturing but nonreducing conditions (4°C, 125 V, 2 h). Proteolytic activity was finally achieved by washing gels for 30 min in TBS-T buffer (20 mM Tris, 150 mM NaCl, 0.05% Tween) and 1 h in the incubation buffer (50 mM Tris HCl pH 7.5, 6 μM ZnCl 2 , 5 mM CaCl 2 , 0.05% Brij, 0.02% NaN 3 ) with 2.5% Triton X-100. Gels were incubated overnight (18 h) at 37°C in the same buffer but without Triton-X 100. Finally, zymograms were stained with a solution containing 0.1% Naphthol Blue Black for 2 h, and then washed with a destaining solution (45% ethanol and 10% acetic acid). Digestion of the gelatin due to MMP-2 activity appeared as white bands on a dark blue background.
Cathepsin Gelatin Zymography. Cathepsin activity was detected according to Afonso et al. (1997) . Briefly, samples containing 15 μg of extracted proteins were loaded onto 0.2% gelatin gels containing SDS (12%) and run as previously described. The resulting gels were then washed twice for 30 min in a 0.1 M sodium acetate buffer solution (pH 5.2) containing 2.5% Triton X-100. Gels were then incubated overnight with the incubation buffer [0.1 M sodium acetate + 2 mM dithiothreitol (DTT)] at 37°C. They were then stained in a 0.5% Coomassie Brilliant Blue R-250 solution for 2 h, then washed in a destaining solution (45% ethanol and 10% acetic acid). Digestion of the gelatin due to cathepsin activities appeared as white bands on a blue background.
Calpain Casein Zymography. Using the method of Raser et al. (1995) , calpain activity was detected on 10% polyacrylamide gels containing 0.2% casein and previously loaded with samples containing 40 μg of proteins diluted (vol/vol, 1/4) in the calpain sample buffer (150 mM Tris base, 20% glycerol, 0.05% bromophenol blue, 0.75% β-mercaptoethanol). Gels were run in a calpain running buffer (192 mM glycine, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 25 mM Tris base, pH 8.3) for 2 h (4°C, 100 V). Gels were then washed twice in a calpain activation solution (20 mM Tris base, pH 7.4, 10 mM CaCl 2 ) for 30 min and incubated overnight at 37°C in the same buffer containing 10 mM DTT. Finally, gels were stained and destained as previously described for cathepsins. Digestion of the casein due to calpain activity appeared as white bands on a blue background.
Image Analysis
Using the procedure described by Bax et al. (2012) , gels were scanned with an Image Scanner III using ImageMaster Platinum software (GE Healthcare, Uppsala, Sweden). Each liver sample was processed individually, and the value of main bands was calculated by using Image Master Platinum application. Each gel also included a pool of all the samples run and was used as an internal standard. Protease activity was considered as the combination of computerized measurements of both intensity and volume of main bands for each sample. Relative protease activity was estimated as protease activity/pool activity within each gel.
Statistical Analysis
For statistical analysis, the GLM procedure of SAS software (version 9.3, SAS Institute Inc., Cary, NC) was used with a 2-way ANOVA with breed and type of diet as main effects. Assuming unbalanced numbers of observations within groups, least squares means and SE values are reported in tables. Table 1 reports BW and liver weight (LW) at 98 d of age for NFF and FF Muscovy and Pekin ducks. At this age, BW is significantly higher in FF than in NFF for both Muscovy and Pekin ducks. Similarly, LW was 5.5-and 6.0-fold higher in FF than in NFF Muscovy and Pekin ducks, respectively. Body weight was higher for Muscovy than Pekin ducks for FF or NFF groups, whereas it was similar at the beginning of the studied period (4,639 vs. 4,527 g for Muscovy and Pekin ducks, respectively). The FF Muscovy livers were 1.44 times heavier than Pekin livers with less weight variability (11.3 vs. 29.6% in Muscovy and Pekin FF ducks, respectively). The significant interaction (P < 0.01) between breed and diet indicates that force feeding did not modify LW identically in the 2 studied breeds. The weight of the liver always represented a larger part of the BW in Muscovy than in Pekin ducks.
RESULTS
Bird Performance
MMP-2 Gelatin Zymography
The MMP gelatin protease assay permitted the detection of a 72-kDa proteolytic band corresponding to the MMP-2 (Figure 1b ). This gelatinolytic activity was inhibited in the presence of EDTA, DTT, and in the absence of Ca 2+ ions (data not shown). Table 2 shows that the activity of this protease was significantly decreased by force feeding in both types of duck. It is also noticeable that MMP-2 activity was always higher in Muscovy than in Pekin ducks for both diets.
Cathepsin Gelatin Zymography
Three major proteolytic bands were detected for the cathepsin proteolytic assay. Unlike MMP-2 protease, these activities of cathepsin isoforms were not affected by the addition of DTT or EDTA, but were inhibited in the presence of PMSF (data not shown). Molecu- lar weights of the 3 detected acidic proteases ranged from ~37 to ~24 kDa ( Figure 1c) . Unfortunately, no specific antibodies directed against cathepsin isoforms from ducks are commercially available to give a better identification of detected isoforms in the present study.
Moreover, an identification test of those cathepsins using mass spectrometry analysis failed to give reliable results, probably because of the nonavailability of the full sequence of ducks' genome. We therefore chose not to report the precise identification of the 3 detected cathepsin isoforms in the present study but to report total cathepsin activity (Table 2) , calculated as the sum of the individually detected activities.
In both studied breeds, proteolytic activities due to force feeding were not greatly affected by the diets.
Calpain Casein Zymography
Calpain proteolytic assays revealed 2 bands that were active in the presence of 4 mM of Ca 2+ for the upper one and of 10 mM of Ca 2+ for the lower one ( Figure  1d ). This indicates that these 2 bands correspond to the μ-and m-calpain isoforms respectively. The m-calpain is also electrophoretically distinguishable from the μ-calpain because of its higher mobility in the gel (Arthur and Mykles, 2000) . To further confirm the iden- 2.0 ± 0.6 2.8 ± 1.0 2.5 ± 0.8 1.3 ± 0.5 0.74 NS NS *** Cts T 6.9 ± 2.5 9.1 ± 5.4 8.0 ± 2.9 8.6 ± 4. tification of these 2 caseinolytic proteases, effects of calpain inhibitors (leupeptin and E-64 both purchased from Sigma-Aldrich, Saint-Quentin Fallavier, France) were assessed before electrophoresis. As expected, the presence of these calpain inhibitors completely blocked the activity of these neutral cysteine proteases (data not shown). The μ-calpain activity was unaffected by force feeding in both breeds (Table 2) . On the other hand, the activity of the m-calpain was found to be lower in FF than in NFF Muscovy and Pekin ducks. Whereas the activity of the μ-calpain was significantly lower in Muscovy ducks than in Pekin ducks regardless of the diet; that of the m-calpain was similar for the 2 breeds. Finally, total calpain activity was not influenced by breeds or diets.
DISCUSSION
The choice of Muscovy and Pekin ducks in the present experiment was based on their different susceptibility to develop hepatic steatosis in response to force feeding (Hermier et al., 2003) . According to Chartrin et al. (2006) , force-fed Muscovy ducks produce bigger and more fattened livers compared with Pekin ducks. Results obtained in this study confirm this hypothesis and indicate that Muscovy ducks are prone to develop bigger livers than Pekin ones in response to force feeding. In consequence, it is generally agreed that the overall liver metabolism of Muscovy ducks better supports high daily intakes than that of Pekin ducks.
Enzymatic activity determination is a commonly used procedure to investigate hepatotoxicity and other liver dysfunctions (Gohda et al., 1984) . In this study, we focused on activities of 3 types of proteases to determine the possible role of those proteolytic enzymes in the hepatic steatosis development in 2 different types of ducks.
The MMP are proteases secreted by animal tissues mainly to degrade the extracellular matrix (ECM). Thus, during the normal growth of organs, such as the liver, the MMP largely participate in the remodeling of the ECM induced both by cellular hyperplasia and hypertrophy. The present study demonstrates that force feeding significant alters MMP-2 activity. Thus, in FF ducks, observed reductions in MMP-2 activity could indicate an adaptation of the liver metabolism, probably to facilitate the enlargement of hepatocytes due to lipid accumulation. However, if liver pathological fibrosis occurs, an increase of the activity of the MMP-2 could be expected, as reported by Liu et al. (2006) and Wanninger et al. (2011) in nonalcoholic steatohepatitis. Also, de Meijer et al. (2010) reported that the inhibition of MMP has an immediate beneficial antiinflammatory effect, even though it accelerates liver fibrosis.
Cathepsins constitute a family of lysosomal proteases active at low pH values, which are mainly active in renewing intracellular proteins. Thus, whereas a slight increase in their global activity indicates an increase in cellular catabolism, a large increase is generally a sign of large cellular disturbances such as apoptosis and cancer (Guicciardi et al., 2000; Mohamed and Sloane, 2006) . In the present study, it is noticeable that global activities of cathepsins were not modified by force feeding.
The ubiquitous and constitutive expression of μ-and m-calpains strongly suggests that they are involved in basic and essential cellular functions (Sorimachi et al., 1997) . Calpains have been reported to increase when hepatocytes suffer from different forms of stress and injury (Sakon et al., 1998; Limaye et al., 2003) . However, in the present study, the liver steatosis development seems to either decrease or not modify calpain activity. This indicates that, even at the end of a significant force-feeding period, hepatocytes from both types of duck are reducing their global protein catabolism, probably to continue to assume the excess of cellular activity caused by the development of the steatosis. This tendency toward a higher anabolism than catabolism during the steatosis development has also been reported by Bax et al. (2012) in a proteomic study conducted during force feeding of Mule ducks. Here, we can hypothesize that hepatocytes are still in a very active state and that the expected increase in activities of calpains associated with liver injuries might arise only later if the force feeding is prolonged (Kohli et al., 1999; Mehendale and Limaye, 2005) .
In conclusion, during the development of the steatosis of the liver induced by force feeding in ducks, activities of main hepatic proteases are adapted to the huge increase of the overall metabolism due to high daily inputs of carbohydrates. In response, proteases reduce their activities probably to facilitate the cellular adaptation necessary to synthesize, export, and store neosynthesized lipids. From a genetic point of view, the 2 studied breeds had no differences in cathepsin activity. However, Muscovy ducks had higher MMP-2 activity and lower μ-calpain activity. Although Muscovy and Pekin ducks were reported to have different abilities to develop liver steatosis, their proteolytic activities responded quite similarly to force feeding. This indicates that the ability to develop liver steatosis in response to force feeding cannot be proven to be caused by differences in proteolytic capacity. A study of proteolytic activity evolution during the development of steatosis could be interesting to better investigate hepatic proteolysis. mals and Pr Davail (Université de Pau et des Pays de l'Adour) for facilitating access to samples.
